Abstract-This paper presents the control of the speed problem for a Sensor-less Direct Torque Control (DTC) of permanent magnet synchronous motor (PMSM), using the Extended Kalman Filter algorithm (EKF) by only measuring the phase voltages and motor currents. Also, due to an angle modification scheme with error tracking, the Sensor-less drive system is robust to parameter variations. Simulation result is provided to verify the proposed approach based on the EKF.
INTRODUCTION
The torque control of a Permanent Magnet Synchronous Motor (PMSM) drive needs the rotor position to perform an effective current control. Moreover, to control speed, a speed signal is also needed. Synchronous motors used in AC drives are, therefore, usually equipped with an electromechanical sensor mounted on their shafts (resolver or absolute encoder). In general, electro-mechanical sensors are used to obtain both or either the speed or the motor position of motors. The torque in PMSM's is usually controlled by supervising the armature current based on the fact that the electromagnetic torque is proportional to the armature current. For high performance, the current control is normally executed in the rotor reference frame that rotates with the synchronous speed. In this frame, the armature inductances and magnet flux linkage are constant if the back electromotive force (EMF) and the variation of inductances are sinusoidal. In addition to the influence of the harmonic terms in inductances and back EMF, saturation in flux and temperature effect on the magnet, the torque response under current control is limited by the constant time of the armature winding. In fact, with the appearance of high-speed digital signal processors (DSP's), a control method called direct torque control (DTC) has become popular in PMSM drives [1] , [2] . The basic principle of DTC is to directly select stator voltage vectors according to the differences between the reference and actual torque and stator flux linkage. The current controller followed by a Pulse Width Modulation (PWM) comparator is not used in DTC systems, and the parameters of the motor are not used also, except the stator resistance. Therefore, the DTC possesses advantages such as lesser parameter dependence and fast torque response when compared with the torque control via PWM current control. Unfortunately, these mechanical sensors increase the overall cost as well as the size of the machine, reduce the reliability;
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( [6] [7] . So far, computation requirements, parameter sensitivity and initial conditions have unfavorably characterized this approach. In fact, only few of the reported applications of EKF to Sensor-less PMSM drives include closed loop operations. This paper is organized as follows. The EKF algorithm and the nonlinear state-space model of the motor are first described. Then, the proposed drive structure is presented, as well as the speed and current control. After this, the simulation setup and results are described. The paper ends with some final considerations on the application.
II. PMSM MODELING
The d-q axis stator flux linkages in the synchronous reference frame can be expressed as follow:
where K = Ф
Using (1) and (2), electromagnetic torque as a function of permanent magnet flux linkage and stator currents can be written as: (1) and (2) the model of the PMSM expressed in the d -q synchronous reference frame is given by:
The equation for the motor dynamics, on the other hand, is:
where ω = N Ω By using (1), (2), (3), (4) and (5) the dynamics model of the IPMSM in d-q frame is as follow.
By transforming the d-q synchronous reference frame Eq.6 to the stationary reference frame, we obtain the state model for the PMSM in the , coordinates as follow.
This model of state can be used to estimate the position and the speed of the rotor by EKF observer.
III. DIRECT TORQUE CONTROL STRATEGY
DTC of PMSM is carried out by hysteresis control of motor stator flux and torque that directly select one of the six non-zero and two zero discrete voltage vectors of the inverter [10] . The voltage vector for DTC is illustrated by Fig.1 . The selection of the voltage vectors is made so as to restrict the motor stator flux and torque errors within the hysteresis band and obtain the fastest torque response [11] . The selection of the voltage vectors in conventional DTC is based on error outputs produced by the torque and flux hysteresis controllers ( • and T ) and is provided in the form of a switching table as shown in Table 1 . Table I   THE SWITCHING TABLE OF THE DTC Sectors (N i = 1 to 6
A. Flux vector control
The complex plane is divided into 6 sectors (see Fig. 1 ) to locate the vector flux. The sector, the evolution of the flux and torque can be used to select the voltage vector V s applied in order to meet the set flux and torque. It has three settings for the choice of vector Vs, the table truth for selecting the appropriate vector is shown in the table 1. In the example of 
IV. THE EXTENDED KALMAN FILTER ALGORITHM
The EKF is an optimal recursive algorithm for estimating the states of dynamic nonlinear systems. That is, it is an optimal estimator for computing the conditional mean and covariance of the probability distribution of the state of a non nonlinear stochastic system with uncorrelated Gaussian process and measurement noise. The discrete time varying nonlinear stochastic model of the PMSM has the following form:
where x(k), u(k) and y(k) are defined as follow:
We change this nonlinear system to a linear system and deduce from it the EKF equation set. The estimation procedure is split in two steps: ---A prediction step, ---A correction step.
A. Prediction step
B. Correction step
Where the estimation covariance error is:
K is the kalman gain matrix. ((k+1)/k) denotes a prediction at time (k+1) based on data up to and including k. (11) and (14) forms the well-known Riccati equation. By applying the Euler formula a discrete time-varying nonlinear model is obtained:
The process and the measurement noise vectors are random variables and characterized by:
The initial state x(0) is characterized by:
The EKF algorithm is very complex. Effectively it is difficult to implant these matrix operations by using Matlab/Simulink. For the simulation, this algorithm is implanted as a system function ''S-function'' then it is inserted in the global simulation system diagram.
V. SIMULATION RESULTS
To verify the effectiveness of the proposed DTC Sensorless PMSM drives as illustrated in Fig. 2 , a digital simulation based on Matlab-Simulink software package has been carried out. For the speed controller we have designed an IntegralProportional (IP) speed controller in order to stabilize the speed-control loop. The gains of the IP controller are determined using a design method to obtain a damping ratio of 1. The results in Fig. 3 to 7 illustrate the rotor speed, the flux, the electromagnetic torque, the d and q-axis currents and the relative speed estimation error simulation responses. The fig.3 shows the dynamic behavior in the reversible operation from forward rated rotor speed (3800 rpm) to reverse rated rotor speed (-3800 rpm). It can be seen that at relatively nominal speed, the estimated speed tracks the actual speed reasonably well. It is noticed in fig. 4 as in permanent mode the flux is well directed according to the rated value (0.34wb). This shows that decoupling between stator flux and the torque is assured. We also note that the q-axis current ( fig. 6 ) has the same shape of the electromagnetic torque fig.5 . 
A. Results interpretation
The results in Fig. 3 to 6 illustrate the rotor speed, the flux, the electromagnetic torque, and the i d -i q currents simulation responses. The fig.3 shows the dynamic behavior in the reversible operation from forward rated rotor speed (3800rpm) to reverse rated rotor speed (-3800rpm). The load torque step of 3Nm is applied at 0s. The result clearly shows that the estimated speed follows the actual one with a negligible error even when the load torque is applied. The fig.4 shows the flux responses. The fig.5 shows the electromagnetic torque responses when the rotor speed is fixed at 3800rpm. The electromagnetic torque is estimated using stator current measurement. However, we note that the simulation results an improved in performance of the proposed sensor-less speed control algorithm with EKF.
VI. CONCLUSION
In this paper, the speed and rotor position estimation of IPMSM drive is obtained through an EKF algorithm. The correspondence of the estimated speed to the actual position indicates that the EKF algorithm is effective and can be used to replace the position encoder. The simulation results show that the proposed method has good sensor-less speed control performance. As a result, good controllability over the wide speed range was confirmed, which proved the feasibility of the proposed method. However the shape of the d-axis current is similar to that of the d-axis flux. Indeed, the d-axis current controls flux; on the other hand the q-axis current controls the torque. The fig.5 shows the electromagnetic torque responses when the rotor speed is fixed at 3800 rpm. The electromagnetic torque is estimated using stator current measurement. Fig. 7 shows the waveforms of the estimation error. It will be noticed that the estimated and the real rotor speed signals are very close. The estimation error is then less ± 0.3 % of the rotor speed reference. It is shown that the proposed algorithm has good speed estimation and adequate DTC control characteristics at nominal rotor speed operation. However, we notice that the last results show clearly that the proposed Sensor-less speed control algorithm with EKF worked successfully for the PMSM Sensor-less control algorithm. 
